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INTRODUCTION Together t h e u n i v e r s i t y o f Nijmegenandthe F r a n c i s B i t t e r Laboratory a t MIT a r e engaged i n a program t o b r i n g b o t h l a b o r a t o r i e s t o t h e maximum f i e l d s p e r m i t t e d by t h e i r f a c il i t i e s . Hybrid systems f o r both l a b o r a t o r i e s a r e b u i l t a t MIT and o p e r a t i n g e x p e r i -
e n c e is s h a r e d t o y i e l d a combined d a t a b a s e upon which l a t e r d e s i g n s r e s t . So f a r t h e r e have been b u i l t under t h i s arrangement t h e Nijmegen I h y b r i d system and t h e curr e n t MIT h y b r i d , both of which a r e f u l l y o p e r a t i o n a l . P r e s e n t l y we a r e engaged i n t h e c o n s t r u c t i o n of Nijmegen I1 which i s t h e s u b j e c t of t h i s p a p e r .
The g o a l of Nijmegen I1 i s t o provide f i e l d s of 3 2 T i n a 33 mm b o r e , a s t a n d a r d s i z e i n both l a b o r a t o r i e s .
The power supply a t Nijmegen is r a t e d f o r 6 MW c o n t i n u o u s , b u t i t has a 100% o v e r l o a d c a p a b i l i t y f o r 1 minute. One minute i s more than enough time f o r measurements, and being d e n i e d t h e l u x u r y of v i r t u a l l y l i m i t l e s s time a t high f i e l d f o r c e s e x p e r i m e n t e r s t o work e f f i c e n t l y .
CHOICE OF CONDUCTOR
The c h o i c e between a conductor based on niobium-tin o r on niobium-titanium d e f i n e s t h e approach which i s t a k e n i n b u i l d i n g a n 11T superconducting magnet. Niobium-tin a t 4 . 2 K , t h e b o i l i n g p o i n t of l i q u i d helium a t atmospheric p r e s s u r e , i s c a p a b l e of s u p e r c o n d u c t i n g performance which i s s u f f i c i e n t f o r an 11T magnet. On t h e o t h e r h a n d , niobium-titanium performance needs t o b e enhanced by going t o a lower t e m p e r a t u r e , such a s 1.8K ( F i g . 1 ) . / I / Two t h i n g s which make working w i t h niobium-tin d i f f i c u l t a r e i t s b r i t t l e n e s s and t h e f a c t t h a t t h e copper m a t r i x i n which t h e f i l a m e n t s a r e embedded, being f u l l y annealed from t h e r e a c t i n g t r e a t m e n t , h a s v e r y l i t t l e s t r e n g t h . Where i n a niobium-titanium conductor t h e copper can b e s t r e n g t h e n e d through cold-working, a niobium-tin conductor r e q u i r e s t h e i n c l u s i o n of an e l e c t r i c a l l y i n e r t r e i n f o r c i n g member.
Engineering a 1.8K c r y o s t a t , w h i l e n o t t r i v i a l , d i d n o t e n t a i l t h e u n c e r t a i n t i e s n o t o r i o u s l y i n h e r e n t i n developing c o n d u c t o r s . Pioneered by t h e French, reducedtemp e r a t u r e c r y o s t a t s have been b u i l t s u c c e s s f u l l y i n Europe, J a p a n and t h e U . S . , and '~u~~o r t e d by u n i v e r s i t y of Nijmegen 'supported by N a t i o n a l S c i e n c e Foundation
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1984108 moreover, we had a l r e a d y been i n t r o d u c e d t o 1.8K technology through g r a d u a t e s t u d e n t e x p e r i e n c e a t our own l a b o r a t o r y .
I n sum and e s p e c i a l l y i n view of t h e s c a l e of t h e p r o j e c t , niobium-titanium wasmore r e a d i l y a v a i l a b l e t h a n was niobium-tin.
F i g . 1 -C r i t i c a l c u r r e n t d e n s i t y v s m a g n e t i c f i e l d f o r a niobium-titanium c o n d u c t o r a t v a r i o u s t e m p e r a t u r e .
Note t h e curve f o r niobium-tin a t 4.2 K.
MAGNET DESIGN Among o t h e r t h i n g s we concluded t h a t i t i s i m p o r t a n t t o b e a b l e t o o p e r a t e t h e s u p e rconducting magnet a t 4.2K a s w e l l a s a t 1.8K. With r e s p e c t t o t h e d e s i g n of themagn e t t h e two r e q u i r e m e n t s a r e somewhat i n c o m p a t i b l e : a t 1.8K h i g h s t r e s s e s a r i s i n g from t h e h i g h e r f i e l d s a r e t h e dominant concern w h i l e a t 4.2K c r y o s t a t i c s t a b i l i t y
r e q u i r e m e n t s a r e more i m p o r t a n t . For 1.8K s t a b i l i t y is d e f i n e d on t h e b a s i s t h a t h e a t g e n e r a t i o n w i l l always be l e s s t h a n h e a t removal a s d e p i c t e d i n F i g . 2. Note t h a t t h e d e s i g n is a c t u a l l y f o r 2 . 0 r a t h e r t h a n 1.8K.
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F u l l c r y o s t a t i c s t a b i l i t y i s n o t n e c e s s a r y i n o r d e r f o r t h e s e magnets t o o p e r a t e r el i a b l y a t 4.2K.
Our e x p e r i e n c e h a s been t h a t t h e y a r e q u i t e f r e e of d i s t u r b a n c e s .
Nijmegen I1 i s designed f o r t h e h e a t f l u x t o be 0.4 w/cm2.
I n c l u d e d i s a temperat u r e margin of 0.2K; t h e d e s i g n is f o r 4.4K i n s t e a d of 4.2 a c c o r d i n g t o I w a s a ' s c r i t i c a l c u r r e n t margin c r i t e r i o n . / 2 / 5 3
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With t h e s t a b i l i t y p a r a m e t e r s e s t a b l i s h e d an a n a l y s i s was undertaken t o determine t h e optimum o p e r a t i n g c u r r e n t based on minimum c o i l c o s t .
It took account of t h e c o s t s of winding pancake c o i l s a s w e l l a s of m a t e r i a l s and y i e l d e d 2500 A a s an optimum. A p r e f e r e n c e f o r somewhat lower c u r r e n t f o r gas-cooled l e a d s and c u r r e n t f e e d s and power supply c o s t s r e s u l t e d i n s e t t i n g 2000 A a s t h e d e s i g n c u r r e n t . Other t h i n g s b e i n g e q u a l i t i s d e s i r a b l e f o r t h e c u r r e n t t o be h i g h (low i n d u c t a n c e ) f o r t h e s a k e of minimizing v o l t a g e s when t h e magnet h a s t o b e d i s c h a r g e d r a p i d l y . Not only must one b e concerned w i t h c u r r e n t l e a d s b u t i n s t r u m e n t a t i o n w i r i n g , p a r t i c u l a r - 
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Fig. 2 -Heat g e n e r a t i o n and c o o l i n g c u r v e s f o r n i o b i u m -t i t a n i u m conductor exposed t o a f i e l d of 11.5T. : 2 3 4 l y v o l t a g e t a p s , a r e s o u r c e s of t r o u b l e when t h e r e a r e l a r g e v o l t a g e s between them, e s p e c i a l l y i n t h e c o n n e c t o r s through which t h e y e x i t t h e c r y o s t a t . F i g . 3 g i v e s c o i l s t a t i s t i c s .
Magnet statistics The next q u e s t i o n was what should be t h e working s t r e s s i n t h e c o l d worked conductor. The s u b j e c t of f a t i g u e comes i n t o t h e p i c t u r e a t t h i s p o i n t a s t h e s t r e s s l e v e l s a r e t o o h i g h f o r r e p e a t e d l o a d c y c l e s w i t h o u t r e g a r d f o r s e r v i c e l i f e . Every time t h e magnet i s charged and d i s c h a r g e d t h e winding undergoes one normal c y c l e . A more s e v e r e l o a d i n g c y c l e is imposed each time t h a t t h e i n s e r t is t r i p p e d o u t . These occ u r e i t h e r from a burnout o r from an i n i n a d v e r t a n t t r i p caused by t h e m o n i t o r i n g c i r c u i t r y . Weassumedthat over a 10 y e a r p e r i o d t h e r e would b e 1000 normal c y c l e s and 100 t r i p e v e n t s and a p p l i e d a f a c t o r of 10 a s a s a f e t y margin.
For t h e purpose of a s c e r t a i n i n g how t h e copper is loaded t h e conductor was modelled a s a composite obeying t h e r u l e of m i x t u r e s , and we chose a working s t r e s s f o r t h e copper based on p u b l i s h e d f a t i g u e d a t a . L a s t l y , a s t r e s s a n a l y s i s was performed t o determine how t h e magnet s t r u c t u r e would respond t o both cooldown t h e r m a l s t r e s s e s and t o L o r e n t z f o r c e l o a d i n g . I n t h i s a n a l y s i s t h e modelling took account o f conductor and i n s u l a t i n g systems. D i f f e r e n t v a l u e s of r a d i a l t e n s i l e s t r e n g t h were assumed, f o r i t was determined t h a t i f t h e r a d i a l bonding between t u r n s were t o b e t o o s t r o n g , r a d i a l t e n s i o n would produce exc e s s i v e hoop s t r e s s . Some s t r e n g t h is r e q u i r e d though w h i l e t h e pancakes a r e b e i n g wound, and u n t i l they a r e f i n a l l y i n p l a c e i n t h e completed s t a c k , t h e t u r n s must b e s t u c k t o g e t h e r . Afterward, t h e i n s u l a t i n g s p a c e r s must s t i l l remain s e c u r e l y i n p l a c e and n o t come a d r i f t i n t h e helium b a t h .
The s t r u c t u r a l d e s i g n i s based upon room t e m p e r a t u r e v a l u e s of t h e mechanical propert i e s of t h e m a t e r i a l s used. To t h e e x t e n t t h a t t h e
s e p r o p e r t i e s a r e enhanced a t c r y o g e n i c t e m p e r a t u r e s t h e d e s i g n is c o n s e r v a t i v e .
CRYOGENIC SYSTEM
F i v e w a t t s of r e f r i g e r a t i o n a t 1.8K would s u f f i c e f o r t h e v a r i o u s h e a t i n p u t s and t h e power d i s s i p a r i o n s which a r e e x p e c t e d , b u t t h e c r y o s t a t components a r e designed f o r t h e 15W which i s i n h e r e n t i n t h e l a r g e vacuum pump which is a v a i l a b l e . The 15W l i m i t comes from t h e mass flow through t h e pump when t h e i n l e t p r e s s u r e is 12.6 t o n . The h i g h e r mass flows which a t t e n d h i g h e r i n l e t p r e s s u r e s c a n be used t o speed t h e cooldown from 4.2K. The c r y o s t a t arrangement i s shown i n F i g . 4 .
INSERTS
Although t h e c r y o s t a t w i l l a c c e p t i n s e r t s o f f e r i n g a v a r i e t y of b o r e s i z e s and f i e l d s and which a r e b a s i c a l l y i n t e r c h a n g e a b l e w i t h t h o s e of Nijmegen I, the most demanding i n terms of d e s i g n i s t h e one t o g e n e r a t e 32T. It w i l l b e s i m i l a r t o t h e one i n t h e MIT 30T h y b r i d which is a r a d i a l l y cooled B i t t e r magnet c o n s i s t i n g of two c o n c e n t r i c s t a c k s connected e l e c t r i c a l l y i n s e r i e s .
Cooling w a t e r e n t e r s and e x i t s from b o t h ends (top and b o t t o m ) , and t h e flow through t h e c o i l s i s r a d i a l l y outward f i r s t through t h e i n n e r and t h e n o u t e r i n grooves i n t h e S i t t e r p l a t e s .
C o i l clamping is a c h i e v e d from magnetized i r o n a r m a t u r e s a t t h e ends of each s t a c k . The s u c c e s s of t h e s e i n s e r t magnets comes i n no s m a l l measure from a v e r y c a r e f u l match of m a t e r i a l p r o p e r t i e s and c o o l i n g performance throughout t h e winding volume.
The d u t y c y c l e imposed by t h e 1 minute overload l i m i t a t i o n of t h e power s u p p l y i s q u i t e compatible w i t h normal h y b r i d magnet o p e r a t i o n where t h e superconductor is charged and r e m a i n s s o throughout t h e t e s t p e r i o d w h i l e t h e i n s e r t i s swept. Of c o u r s e t h e i n s e r t c a n r u n i n d e f i n i t e l y s o t h a t a t lower powers c o n t i n u o u s o p e r a t i o n i s p o s s i b l e . F i g . 4 -G e n e r a l arrangement of c r y o s t a ts c h e m a t i c .
STATUS & SCHEDULE
An unexpected problem of f i l a m e n t breakage d u r i n g t h e p r o d u c t i o n of l o w -f i e l d cond u c t o r h a s s e t t h e t i m e t a b l e back by n e a r l y one y e a r . Completion of t h e system i nc l u d i n g t e s t i n g is now s e t f o r t h e summer of 1984. The s u b j e c t of f i l a m e n t breakage is worth commenting on because of t h e p a r t i c u l a r f a c t of t h e 1.8K o p e r a t i o n . Ordin a r i l y broken f i l a m e n t s could be t o l e r a t e d , i f n o t h a p p i l y , a t l e a s t t o t h e e x t e n t t h a t t h e r e s u l t a n t power d i s s i p a t i o n could b e met w i t h l i q u i d helium r e p l e n i s h m e n t . However, i n a reduced t e m p e r a t u r e c r y o s t a t , r e f r i g e r a t i o n c a p a c i t y s e t s a much lower l i m i t on t h e d i s s i p a t i o n ; i f d i s s i p a t i o n exceeds r e f r i g e r a t i o n , t h e system simply w i l l n o t work.
The n e x t h y b r i d w i l l b e a second MIT system, and we a r e s t u d y i n g conductor c h o i c e s once a g a i n a s t h e development of I n t e r n a l l y Cooled Cabled Superconductors (ICCS) b r i n g s niobium-tin t o an a p p a r e n t l y c r e d i b l e s t a t e . I f i t comes t o p a s s t h a t niobium-tin i s an i r r e s t i b l e c h o i c e , t h e n we w i l l have t o a d d r e s s t h e problems of how t o d e s i g n and b u i l d c o i l s with i t .
